proteins connected with chromatin remodeling in higher that contains a N-terminal ␤-sheet domain as well as organisms and a group of plant enzymes with methylthe conserved SET domain. Mutagenesis identifies transferase activity. They were able to demonstrate that two residues in the C terminus of the protein that the human homolog of the suppressor of variegation appear essential for catalytic activity toward lysine-4 enzyme, SUV39H1, carried out specific methylation of of histone H3. Furthermore, we show how the cofactor lysine 9 on the N terminus of histone H3. This work also AdoMet binds to this domain and present biochemical showed that although the catalytic core of this protein data supporting the role of invariant residues in catalywas located within the so-called SET domain (Jones sis, binding of AdoMet, and interactions with the pepand Gelbart, 1993; Tschiersch et al., 1994), both N-and tide substrate.
sembly (Eissenberg and Elgin, 2000) . Second, the patProtein A (1osp.brk) from Lyme disease spirochete. However, the sequence of the N domain appears quite tern of histone tail methylation has the potential to prevent the recruitment of other histone-modifying enzymes/ different to those that precede SET domains in other proteins. In contrast, the last 155 residues of the crystalcomplexes and thus inhibit other covalent modifications. For example, the transcriptional repressor comlized protein constitute the highly conserved SET domain that is comprised largely of ␤ strands and extended plex NuRD 
2002a). This protein is among
The N domain is made up of 12 antiparallel ␤ strands and is approximately 50 Å long, 30 Å wide, and 20 Å the smallest shown to possess HMTase activity and it also lacks SET domain-associated cysteine-rich redeep ( Figure 1A ). The first turn, connecting the first and second strands, is short and tight, but the connecting gions. We present here the crystal structure of SET7/9 and its complex with AdoMet. The crystal structure reloops between strands 3-4, 5-6, and 7-8 become progressively more extensive so that there are eight resiveals that the SET domain represents a novel fold and that the mode of cofactor binding is unrelated to that dues involved in the ␤7-␤8 turn. In combination with the innate twist of the ␤ sheet, these turns at one end of previously observed for AdoMet-dependent methyltransferases (Cheng and Roberts, 2001 ). The structure the sheet generate a U-shaped groove running approximately perpendicular to the direction of the strands. The suggests roles for many of the residues that form the characteristic conserved motifs of SET domains. We electrostatic potential of the N domain, shown in Figure  1D , reveals that the surface is highly acidic, especially have probed the activity of the enzyme by a combination of substrate/cofactor binding studies and HMTase activalong the edges of the groove just described. The sequence alignment of SET domains in Figure ity measurements using both wild-type and specific point mutant proteins. Taken with the crystal structure, 2A highlights the characteristic signature of conserved residues. Such alignments originally led to the SET dothese studies suggest how substrate binds to the enzyme, how certain of the invariant residues contribute main being defined as encompassing about 130 residues (for example, residues 249-375 in SUV39H1 [Rea to catalysis, and the functional role of the domains immediately adjacent to the SET domain. et al., 2000]). However, the crystal structure of SET7/9 suggests that the definition of the SET domain should also include approximately 20 more residues at the N Results and Discussion terminus of the domain that are not conserved. These residues, 193-218 of SET7/9, make extensive contacts Structure Determination and Architecture with the SET domain but none with the N-terminal doof SET7/9 main. For comparison, the buried surface area between Expression of full-length SET7/9 in E. coli enabled us the N-and C-terminal domains is 1450 Å 2 (68% hyto purify monodisperse protein that gave rise to small, drophobic), while that between residues 193-218 and needle-like crystals. However, these crystals did not the rest of the C-terminal domain is 2590 Å 2 (61% hydiffract, so we made various truncated versions of the drophobic). protein to further facilitate crystallization. Expression and purification of a doubly deleted construct (residues 52-344, hereafter ⌬⌬SET7/9) produced a protein that
Role of Pre-SET and Post-SET Domains
The functional analysis carried out by Rea et al. first crystallized under two different conditions. Although removal of the last 22 residues at the C terminus gives showed that both the pre-SET and post-SET domains of SUV39H1 were required for HMTase activity (Rea et rise to a protein that is not catalytically active, it does bind substrate and cofactor. The structure of ⌬⌬SET7/9 al., 2000), and this observation has now been extended to other SET proteins with different flanking domains. was solved by MAD using Se-methionine-substituted protein. The empirical phases were improved by 2-fold However, the function of these additional domains has remained unclear. The crystal structure reveals that the noncrystallographic symmetry averaging and gave rise to a map in which the entire sequence of the protein interface between the SET domain and the N domain is extensive and distant from the active site of the enzyme. could be readily fitted. Subsequent refinement was carried out with all data between 20 and 2.1 Å collected Consequently, the N domain appears to provide structural stabilization for the SET domain but not to contribfrom a native crystal (relevant crystallographic statistics are presented in Tables 1 and 2). ute residues to the formation of the active site. It is feasible that the N domain provides an extended binding The crystal structure, shown in ribbons representation in Figure 1A , reveals that SET7/9 is comprised largely site for the histone N-terminal substrate, and several observations are consistent with this view. First, the of ␤ secondary structure elements and is organized as two structural domains that form an approximate L structure itself reveals that the N domain has a groove running across the extended ␤ sheet that is markedly shape, each arm being about 50 Å long. The 140 residues that make up the N domain are organized as a repeating acidic ( Figure 1D ). This groove runs up to the SET domain and leads to a narrower channel running around the antiparallel ␤ structure that is structurally related to a number of other proteins including the Outer Surface SET domain that contains conserved residues whose mutation leads to loss of peptide binding ( Figure 3B ).
Distribution of Conserved Residues
As well as providing the initial clue to their methyltransThus, both the location and electrostatic potential of the groove are consistent with a role for the N domain in ferase activity, sequence alignment of SET domains has highlighted a distinctive pattern of conserved residues providing part of the binding site for basic histone tails. Second, as we shall describe later, mutation of basic that have been shown to be important for biological activity (Rea et al., 2000). The majority of invariant resiresidues in the histone-based peptides at residues far apart in the primary structure from the methyl acceptor dues fall into three segments of the primary structure, as shown in Figure 2A . Our structural data now show lysine residue (K4 of H3) affect the catalytic activity of the enzyme. This suggests that the binding surface for that of the 14 residues conserved across the aligned sequences in Figure 2A , ten are polar residues that are the histone tail is extended. These observations may well be pertinent for the role of pre-SET domains in other at least partially surface accessible. Given the diversity in histone N termini against which SET proteins.
In contrast, the residues immediately adjacent to the different SET-containing proteins are active, it is unlikely that these conserved residues are involved in specific C terminus of the SET domain are important for the catalytic competence of the enzyme but not for subinteractions with the side chains of the peptide. However, it would be surprising if peptide binding did not strate or cofactor binding. Proteolysis of full-length protein (data not shown) shows rapid cleavage at K-344, involve the interaction of side chains from the SET domain with the backbone of the peptide. It would also be arguing that this part of the C terminus is intrinsically flexible. Mutagenic studies on the C terminus, presented expected that the AdoMet binding site and the adjacent active site would contain several invariant residues. in a later section, show that residues located C-terminal to K-344 are essential for catalytic activity and are likely Many of the conserved polar residues in the SET domain make interactions that appear important in stabilizto be in contact with the active site of the enzyme. It is intriguing that such a variety of different sequences are ing the structure of the domain. The conserved or invariant residues are strongly clustered into three regions found adjacent to the C terminus of SET domains across the family of histone methyl transferases and may reflect on the surface of the protein, and conserved patches I and II almost coalesce ( Figure 2B ). The largest number important differences in the specificity of the various of conserved residues occur in region I. Later, we will enzymes.
provide data that demonstrates that this region is responsible for AdoMet binding and thus defines the location of the active site of the enzyme. G-227 and G-229 nine leads to substantially enhanced enzymatic activity stabilizing the structure, as do residues G-247, I-250, E-254, and R-258, which constitute region III. in SUV39H1 (Rea et al., 2000) . The side chain of N-296 interacts with the side chain of the invariant E-330. Although the resolution of our diffraction data does not AdoMet Binding Crystal lattice contacts prevent AdoMet from binding to allow us to distinguish between the N(D2) and O(D1) atoms on the asparagine side chain, we infer that its the orthorhombic crystal form. However, we were able to obtain a second crystal form of the same construct N(D2) interacts with the carboxyl group of E-330. The implications of this observation for AdoMet binding and under different conditions that was characterized by having a high solvent content (80%) and consequently catalysis will be discussed later. The two other conserved residues in region I are Y-245 and Y-335. The fewer lattice contacts. Not surprisingly, the diffraction from these crystals was poorer (Bragg limit 3.2 Å ) than aromatic ring of Y-245 is largely buried, but its phenoxyl hydroxide is hydrogen bonded to a water molecule on that from the original crystal form (Bragg limit 2.1 Å ). Nonetheless, optimization of the AdoMet soaking condithe protein's surface. The hydrophobic contacts made by the aromatic ring are likely to contribute to the stabiltions produced a data set that, when phased by molecular replacement (the model contained no information ity of the structure. In contrast, Y-335 only interacts with the rest of the protein through an edge-on stacking about AdoMet), produced a strong electron density feature at the presumed active site of the enzyme. The interaction with the nonconserved F-299, suggesting that it is unlikely that Y-335 plays an important structural native and AdoMet-soaked crystal were not isomorphous and so a real space difference electron density role. The four residues that constitute region II, P-301, N-302, E-329, and R-323, all appear to play roles in map, shown in Figure 3A , was used to verify that the In the absence bond. Third, desolvation of the lysine side chain will of the structure of the ternary complex, the roles of these greatly enhance its potential for nucleophilic attack. The residues were addressed by site-directed mutagenesis. crystal structure, together with biochemical studies, The resulting alanine point mutants were analyzed for suggests ways in which the enzyme might contribute to AdoMet and peptide binding together with HMTase acall of these catalytic modes. (General ideas on methyl tivity. In the case of Y-245→A, the mutation significantly transfer in biology are reviewed in Takusagawa et al., destabilized the structure of the enzyme so that the 1998.) protein could not be used at the high concentrations The interactions between the invariant residues E-330, required for ITC. Therefore, AdoMet binding to this mu-N-296, and the adenine ring of AdoMet leads us to spectant, together with a wild-type control, was assessed ulate that this arrangement may contribute to the catalyby fluorescence spectroscopy. The results of all these sis of methyl transfer. In order for there to be a hydrogen measurements are presented in Figure 4 . bond between N1 and N-296 OD1, it would be necessary Of the three residues whose side chains are involved for N1 to be protonated. In solution, the pKa of N1 is in cofactor binding, N-296→A has no detectable activity, approximately 3.8; however, it is feasible that the pKa while E-330→A and Y-245→A both show substantially of N1 is a good deal higher when the cofactor is bound reduced HMTase activity. The three mutants retain wildto the SET domain. As noted earlier, the adenine binding type affinity for peptide, but the mutants of the two acidic pocket of the SET domain is lined with many carbonyl residues show approximately 3-fold weaker binding to groups whose dipoles are arranged in a manner that AdoMet, and Y-245→A is about 5-fold weaker. The difcould stabilize a positive charge on the adenine ring ference in cofactor affinity between these mutants and arising from protonation of N1. Consistent with this idea wild-type is significant but less substantial than their is the observation that a Mg 2ϩ ion is bound at a similar reduction in HMTase activity. Several conclusions can position in our orthorhombic crystal form that contained be drawn from these data. First, the binding results are 0.2 M magnesium formate in the crystallization buffer. consistent with our structural analysis and suggest that Interestingly, the first coordination shell of the metal ion the mode of cofactor binding is not greatly altered by the contains no protein groups but is occupied by water removal of the C-terminal domain. Second, the HMTase molecules. As shown in Figure 3D , these water moleactivity of the three point mutants suggest that each of cules make hydrogen bonds with several of the groups them has a substantial effect on the catalytic efficiency that are involved in adenine binding. Superposition of of the enzyme in addition to their more modest effects on the SET7/9.(H 2 O) 6 coordinates with those of SET7/ the cofactor binding constant. The results are consistent 9.AdoMet shows that the Mg 2ϩ ion occupies a position with the suggestion that N-296 and E-330 might assist that is approximately equivalent to the middle of the catalysis by facilitating protonation of the adenine ring. adenine ring (shown as black circle in Figure 3E ). InterHowever, the observed effect on HMTase activity could estingly, in activity assays we observed inhibition of also result from the mutations, leading to distorted coHMTase activity with Mg 2ϩ concentrations above 50 mM factor binding so that the chemical arrangement at the (data not shown). These data suggest that the electroactive site is less optimal. In this respect it is interesting static environment of the adenine binding pocket is amethat the mutation of E-330, which interacts with N-296 nable to the binding of a species carrying a positive but not directly with the cofactor, leads to a substantial charge. reduction in HMTase activity. The presence of a positively charged group in the Alanine point mutants of H-297 and Y-335 both have vicinity of the sulfonium ion could act to lower the activasubstantially reduced HMTase activity ( Figure 4D ). Bindtion barrier of the reaction. There is a clear precedent for ing studies show that mutation of these residues does this idea in the mechanism of uracil-DNA glycosylase, not alter the affinity for cofactor but does somewhat where the reaction is substantially driven by substrate reduce the affinity for peptide. Given the position of autocatalysis. In this case the burial and positioning of these residues in the crystal structure and the solution four phosphate groups of the substrate on the enzyme's measurements just described, we propose that these surface occur so as to stabilize the increase in positive two residues are important for positioning the ⑀-N of the charge upon formation of the transition state (Dinner et substrate lysine with respect to the cofactor. The fact al., 2001). The situation with SET7/9 is different in that that mutation of these residues has only a small effect we speculate that a positive dipole on the adenine ring on substrate binding affinity need not mean that these could stabilize the reduction in negative charge at the residues do not make important interactions with the sulfur center associated with formation of the transition peptide. It may well be that the energetic cost of desolstate.
vating the side chain amine of the lysine, and of these two residues themselves, accounts for a significant proMutational Analysis of Conserved Residues portion of the favorable interactions made between As illustrated in Figure 3B as a hydrogen bond acceptor to one of the protons on the amine of this lysine. small population of the neutral amine could be sufficient for effective methyl transfer to occur, it is also possible that the enzyme provides a local environment that reSubstrate Specificity There are numerous SET proteins that, between them, duces the pKa of the lysine side chain. Evidently, if the enzyme positions hydrophobic residues or good hydrospecifically methylate lysine residues at five different positions on H3 and H4 histones, and therefore the archigen bond acceptor groups in close proximity to the lysine amine, this effect would be achieved. tecture of the SET domain, probably in concert with the preceding domain, must be able to discriminate beGiven the lack of sequence homology with other SET proteins, we systematically mutated each of the polar tween them. Given the quasiperiodic repeat of basic residues in the N terminus of histones H3 and H4, we and charged residues in this segment to alanine. The results of the HMTase activity measurements for each were interested to ask what role these basic residues played in substrate recognition by SET7/9. Furthermore, of the mutants are presented in Figure 5A . Several of the mutants have somewhat reduced activity; however, to what extent is recognition of substrate by SET7/9 influenced by existing modifications of lysine residues in just one of the point mutants, Y-353→A, is inactive. These results suggest that this tyrosine residue is rethe N terminus of H3? We therefore carried out HMTase activity measurements against synthetic histone pepquired to complete the formation of the active site. After we carried out these mutagenic studies, the identificatides that either contained basic→alanine substitutions or incorporated modified lysine residues; these results tion and characterization of PRSET07 was reported (Nishioka et al., 2002b). This protein, whose sequence is are presented in Figure 6 . In the first experiment, five peptides were used where included in Figure 2A , is somewhat shorter than SET7/9 at the C terminus but contains a tryptophan residue at lysine or arginine residues were changed to alanine. The results show that all of the modified peptides resulted a position that may be equivalent to W-352 in SET7 9. Figure 5A shows that the SET7/9 point mutant, in reduced HMTase activity compared to the wild-type sequence. The fact that amino acids 12 residues away W-352→A, is catalytically inactive.
CD Spectra
Nishioka, K., Rice, J.C., Sarma, K., Erdjument-Bromage, H., Werner, J., Wang, Y., Chuikov, S., Valenzuela, P., Tempst, P., Steward, R., Near-UV CD spectra were recorded on a Jasco J-715 spectropolarimeter. CD intensities are presented as the CD absorption coefficient et al. (2002b). PR-Set7 is a nucleosome-specific methyltransferase that modifies lysine 20 of histone H4 and is associated with silent calculated using the molar concentration of protein (equivalent ⌬⑀ M ). chromatin. Mol. Cell 9, 1201-1213.
